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1.1 Human Activity Recognition
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1.1.1 Sensors
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Figure 1.1: Principal sensors available on smartphones.
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1.1.2 Activities and Applications
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Table 1.1: Types of activities studied in literature
?
???????? ??? ????????????????? ???????? ??????????? ??? ??? ??? ???? ?????
?? ???????? ??????????? ????? ?????? ??????? ?????? ????? ???? ??????????? ??
????????? ???? ???? ??????? ?????????? ????? ?? ??? ?????? ????? ???????? ???????
??????? ???????? ???????? ????????? ???????? ?????? ???????? ???? ??? ??? ????? ???
????????? ????????? ????? ? ????????? ????????? ????? ?? ????? ???????? ??????
?????? ?????? ?? ?????????? ?? ????? ??? ? ??????? ??? ???? ????? ?? ??????????
??????? ?? ??? ?????????? ????????? ?? ??? ???????? ?????????? ????????? ?? ????? ???
???????? ???? ??? ???? ??????????? ??? ?? ???? ?? ??????? ??????????? ??????????
???? ??? ????????? ?? ????? ???? ?????????? ???? ???????????? ??? ??? ????? ???????
??????????? ?????? ????????? ?????? ??????????? ??? ????? ???????? ???????????? ???
?????? ??? ?????? ??????????????? ?????? ????????? ??????????? ?????????? ??????
??? ??????????? ?? ??????????? ???????????? ?? ?????? ??? ?? ??? ?????? ????????
???? ??????? ??? ????? ?? ???????? ???????? ??? ??? ????? ?? ??????????? ??????
???????? ???? ??????? ??? ??????? ?? ? ???? ????? ?? ???????? ??????????? ????????
???????? ??? ????? ?? ???? ? ????? ????? ??? ????? ????????? ???????? ????? ???????
????? ???????? ???? ???????? ??? ???? ??????? ?? ??? ???????? ??? ???? ??????????
??? ???????? ?? ??? ????? ????? ?? ????????? ???????? ??????????? ?????? ?????
?? ?????? ??????? ??? ?????? ???? ? ???? ???????? ?????????
???????? ??????????? ???? ??????????? ??? ???? ???? ?? ????????? ????? ????????
??? ???? ??? ?? ???? ??????? ?????????? ??? ??????? ?????? ?????????? ???? ????????
??? ?????? ??? ?? ?????? ????????? ??? ???? ????? ??????? ?? ???????? ??????????
?????????? ???? ????? ??? ?? ???????? ?????? ??????? ????????? ?? ??? ???? ??
??????? ????????? ?? ????? ??????????????? ?? ????? ????? ???????? ??? ?? ? ???????
?? ???????? ?? ?????????? ??? ?? ??? ???? ?????????? ?? ???? ????? ??????????
???? ??????? ???? ???????? ?? ???? ????? ???? ?? ???????? ??? ?????????? ??????
?????????? ???? ??? ?????????? ????????? ??? ?? ????? ?? ???? ???????????
??????? ???? ?? ??????????? ?? ???????? ??????????? ???? ?????? ?????? ?? ???
?????????????? ?? ????????? ??? ????????? ? ??? ?????? ??? ?????? ?? ? ???? ??
????????? ????? ??? ????????? ??????????? ?? ? ????????? ?? ? ????????????????
?????????? ??? ?????? ?????????? ??? ???? ??????? ???????????? ?? ??? ????????
??? ?????? ????? ??? ??? ?? ? ????????? ??? ??? ????? ??? ????? ??? ????????
????? ?????? ??? ????? ??????????? ????????? ????? ?????????? ??????????? ?? ???
???????? ???? ??? ????? ?? ?????? ??? ? ????? ????? ????????? ??? ??????????
???????????????? ?????? ?? ??????? ???? ???? ??? ?????? ???? ???????? ????????
?
???? ???????? ?????????? ??? ?????? ???? ????????? ????????? ?? ?????? ???? ???????
????????? ??? ?? ???????? ??? ????? ???????? ?????????? ??? ???????? ??? ?? ?????
?????? ??????? ?????? ??????????? ????????? ???????? ?? ??????????? ?? ???? ???? ??
??? ???????????????? ???? ?????????? ???? ? ???? ?? ????????? ?????????? ????????
????? ??????? ??????? ??????? ???? ?? ?????? ???????? ????????????? ????? ???
????
1.1.3 Activity Recognition Process
??? ???????? ??????????? ??????? ??? ?? ?????????? ?? ?????????? ?????? ?????????
?????????? ???? ??? ????????? ???? ?????? ??????? ?? ??? ??????????? ????????
????? ??? ??????? ?? ??? ?? ????????? ??? ?????? ???? ?? ???????? ? ??? ?? ????????
???????????? ???? ?? ??? ???????? ??? ??????????? ?? ??? ???? ?? ?????? ????????
??????? ?? ??????????? ??? ??????? ???????? ???? ????? ??? ?? ????? ?? ????? ??????
??????????? ????? ??? ?????????? ???? ??? ?????? ????? ??? ???????? ????? ??? ??
?? ??? ???????? ?????? ?????????? ?? ????????????? ??? ???? ??? ?????? ?? ??????
???????????? ???????? ?????????? ???? ? ??????? ???????? ???? ?? ????? ? ??????????
???????????? ??????????? ?? ??? ????? ????? ?? ??? ???? ?? ??????? ????? ???????
?????????? ?? ??????????????? ??????? ??? ??? ??? ????????? ?????????? ???? ?????
?????
?????????? ??????? ??? ???????? ?? ??? ???? ??????? ???????? ??? ??????????
???? ?? ???????? ?? ??? ???????? ????? ? ????? ??? ?? ???????? ???? ?????? ?????????
???? ?? ???? ?? ????? ? ????? ????????? ?? ????? ?? ???????? ???????? ???? ??? ??????
????????? ??? ?? ??? ???? ?????? ?? ???? ????? ?? ????????? ??? ???? ?? ??? ????????
???? ?????? ??? ???? ?????? ?????? ???? ???? ????????? ?? ??? ????????????? ???????
????? ?? ??? ????????? ?????????? ?????? ?? ???????? ???? ? ????? ?????? ??? ????
????????????? ??????? ?? ??? ???????
Activity Classiﬁcation Steps
????? ??? ?????? ???? ??? ?????????? ??? ???? ????? ?? ???????? ???????????? ?????
?? ?????? ???? ??? ?????????????? ????????????? ??????? ??????????? ?????????? ???
???????????? ????????? ??? ?????? ????????????? ????? ?????
?
Figure 1.2:Main steps of activity recognition.
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1.2 Gait Analysis UsingWearable Sensors
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Figure 1.3: Gait phases in a normal gait cycle.
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1.4 Motivations and Contributions
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3.2 Camera Calibration
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3.2.1 CameraModel
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Figure 3.1: Geometric model of the camera, [1].
SimpliﬁedModel
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Figure 3.2: Simpliﬁed cameramodel, [1].
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? ??????? ??? ????????? ?????? ????? ???? ???? ???? ??????? ?????
? ??? ????? ?????????????? ??????? ??? ?????? ??? ??? ??????
? ??? ???????????? ?????? ??? ????????? ?? ??? ?????????????? ?????? ?????
??? ??? ???????? ???? ??????? ?? ??? ??????? ????????
Intrinsic parameters ???????????? ?? ?????????? ???? ?? ???? ?????????????? ????
????? ???? ??????? ??? ??????? ???????? ??????????? ??? ??? ???????? ????????? ?? u
??? v ????? ⎧⎨⎩u = ku−fz x+ u0v = kv −fz y + v0 , ?????
????? ?u0? v0? ??? ??? ??????????? ?? ??? ????????? ????? ??? ku ?kv? ?? ??? ???????
?? ??? ????? ?? ?????? ????? u ?v? ????????? ??? ?? ?? ???????? ?? pixel ·m−1? ??
??? ??????? ?????? ????? ??? ??? ????????
P =
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??? ?? ???? ??????? ?? ??? ??????? ???????
3.2.2 Calibration
?????? ??????????? ??????????? ?? ??? ??????????? ?? ??? ????????? ??? ?????????
?????? ????? ??????????? ??? ???? ???? ?? ???? ?? ??? ?????????????? ???????????
?? ???? ?????? ??? ????? ???????????? ???????? ?? ??? ???????? ?? ??????? ??? ???
????? ?????????? ?? ??????? ??? ??????????? ?????????? ?????????? ????? ?????
??????? ??????????? ???????? ????? ????? ???????? ????? ?????? ?????? ??????
???? ??? ??????????? ??????? ??????????? ??? ?????? ?????????? ?? ??? ?????????
??????? ???? ????? ???????? ??????? ??? ??? ???? ????? ????????? ???? ????? ???
??? ?????????? ??? ?? ??????????
3.3 Optical Flow
?? ??????????????? ???????????? ???? ????? ?? ? ?????????????? ??????? ?????
????? ? ????? ???????? ????? ???? ????????? ???? ??? ????? ?????? ???? ?????
???????? ? ???? ???????? ????? ??? ????????????? ????????? ?? ???? ???? ?? ???
??
????????? ??? ???? ???????? ?????????? ??? ??? ??????? ??????? ?????? ?? ????? ???
?????? ?? ??? ???? ???????? ?????? ????? ??? ???? ?? ??????? ??? ???? ????? ??
?? ??????? ?? ??????? ????? ?? ??? ?????? ???? ???? ??? ?? ????????? ?????
??????????
? ?????? ???????? ????? ??? ??????? ??? ???? ????? ?? ?? ?????? ???? ?????
??????????? ??? ?????????? ???? ??? ????? ?? ??? ?????
I(x, t) = I(x+ v∆t, t+∆t) ??????
????? I(x, t) ?? ??? ????? ????????? ?? ? ???????? ?? ????? ??? ?? ?? ?? ???????
?????????? ????????? ?????? ????? ???????? ??? ?????????? ?????????? ?? ????
??????? ???????? ??????? ???? ???? ??? ????? ?? ??? ????? ???????? ????????????
?? ?? ?????????? ???? ??? ?????????? ????????? ?????????? ?? ??? ???? ????? ????
???? ?? ?????????
???????? ???? ??? ????????? ? ??? ?? ???? ??????? ???? ?? ? ?????????? ??????
?????? ?? ?????? ????






????????? ??? ???????? ??? ??????? ????????? ?? ???????
I(x+ v∆t, t+∆t) = I(x, t) +∇I(x, t)⊤v∆t+ It(x, t)∆t, ??????
????? ∇I ????????? ??? ??????? ???????? ( ∂I∂x , ∂I∂y )⊤ ??? It ?? ??? ???????? ??????????
?? I?
?? ?? ?????????? ??? ???? ???? ??? ???? ??? ?????? ?? ∆t? ?? ???????
∇I(x, t)⊤v + It(x, t) = 0. ??????
???? ???? ?????????? ?? ?????? ????? ?????????? ????????? ????????? ?? ??? ???
????? ???? ????? ??? ??? ???????? ???? ?????????? ?? (v) = (vx, vy)? ??? ????
??? ????????? ?????? ??? ??????? ?? ????????????????? ??? ???? ?????? ? ????
??????? ?? ∇I(x, t)⊤v ???? ??????????? ?? ??? ?????????? ?? ??? ?????? ???? ??
??? ?????????? ??????????
??
3.3.1 Optical Flow Estimation
?? ????? ?? ???? ??? ??? ??????? ???? ??? ???? ?? ???? ??? ????? ?????????? ????
?? ????? ????? ??? ??????? ?? ?????????????????
Lucas and Kanade
????? ??? ?????? ??????? ??? ?????????? ?????? ?? ????? ?? ??? ??????????
???? ??? ??????? ??? v ?? ???????? ?? ? n × n ????????????? ? ?? ????? ??????
???? ????? ?????????? ?????? ?? ?????? ???? ???? ? ?????? ???????? ??? ??? ????
??????? v? ????? ????? xi ∈ W ???????? ? ?????? ?????????
∇I(xi, t)⊤v = −It(xi, t). ??????
????? ??? n× n ????????? ?? ?????? ??? ????????? ?????? ???????











??? ????? ?????? ???????? ?? ???? ?????????????? ?????? ?? ????? ???
v = A−1b = (A⊤A)−1A⊤b. ??????
??????? ? ???????? ?????? ???????? w(xi)? ?????? ??W ? ?? ?????????? ?? ???????
??? ??????? ?????? ??? ?????? ???? ??? ???????? ???? ????
Kanade, Lucas and Tomasi Feature Tracker
???????? ???? ??? ????? ??? ?????? ?????????? ??????? ????? ??? ?????? ????
???? ??????? ????? ?? ????? ?? ??? ???? ??????
? ????? ???????? ???????????
? ??????? ?????????
??
?? ??? ??????? ?????????? ????? ?? ???? ???? λmax/λmin ≃ 1? ????? λmax ??? λmin
??? ???????????? ??? ???? ?? ??? ??????? ?????????? ?? ?????? ?? ?? ?????????
?? ???? ???? ???? ????? ??????????? ?? ????? ?? ??????? ???? ???????? ???? ???
?? ????????? ?? ?????? ??? ????????? ?? ??? ????????? ?? ??? ??? ??????? ???????
?? ????? ?? ??? ????????? ??????????
min(λ1,λ2) > λth, ??????
????? λth ?? ? ????????? ?????????? ?? λmin ?? ?????????? ?????? ??? ????????? ??
??? ?? ??????? ?? ??? ??????????? ?? ????????????? ???????? ????? ??? ????? ?? λmax
??? ?? ????? ?? ???
??? ??????? ???????? ????? ?? ????????? ??????? ????? ?????? ?? ???????????
??????? ???? ?? ???????? ??? ????????? ???????? ?? ????????? ?? ????????? ????
????????? ??? ??? ???????
Input? ?????????? ? ????
Output? ????????? ????????
?? ??????? ???????? ???? ???????? ?? ???????
?? ???????? ???????? ???? ?? ???????? ???????
?? ???? ????? ????????? ???????????
?? ??? ????? ????? ?????? I(t)? I(t+ 1)?
? ????????? ??? ????? ???????? ?? I(t) ??????? v ?? ? n × n ??????
???????? ?? ??? ?????????
? ????? ?????? ?? ????? ????? ??? ?????? ??? ???????? ?? ??? ??????????
????? I(t+ 1)?
3.3.2 Keypoints Extraction
?? ???? ??????? ? ???? ????????? ? ???????? ??? ??????????????? ?????? ?? ???????
???????? ?? ??????? ?????? ???? ? ??? ???????
??
SIFT
??????????????? ??????? ????????? ?????? ??? ???? ?????????? ?? ?? ???? ??
???? ???? ??? ?? ???????? ??? ???? ?????? ??????????? ??????? ?????????? ????????
????????????? ??????????? ??????????? ???????? ??????????? ??? ???????? ?????????
Scale-space extrema detection ?? ???? ???? ?????? ?? ????? ?? ?????? ????? ???????
???? ????? ??? ?????? ? ??????????? ???????? ????????? ?? ????? ???? ?????????
???? ????????? ?? ???????? ????? ????? ?? ?? ????????????? ?? ????????? ??
???????? ????? ??? ?? ???????? ?? ??? ????????? ?? ???????? ???????? ?? ?? ?????
???? ??? ???????? σ? ????? σ ?? ? ????????? ???? ????????? ???????? ?????? ?? ???
? ???? ??? ?? ???? ??? ???????? ??????? ?? ??? ? ??? ?? ???????? ??????? ???
??? ?????????????? ??? ?? ???? ?? ?????? ????
Figure 3.3: Difference of Gaussian.
???? ??? ??? ?????? ????? ??????? ???? ????? ??? ????? ??? ?????????? ???
???????? ??? ????? ?? ?? ? ??? ?? ???????? ???? ??? ????? ?????????? ?? ???? ??
???? ?????? ?? ??? ???? ????? ??? ???? ?????? ?? ??? ???????? ????? ?? ????? ??
?????? ???? ?? ?? ?? ? ????? ???????? ?? ?? ? ????????? ????????? ?? ????????? ?????
???? ??? ???????? ?? ???? ??????????? ?? ???? ??????
??
Figure 3.4:Maxima andminima of DoG.
Keypoint localization ???? ??? ??? ????????? ????????? ??? ?????? ???? ???? ?? ??
?????? ?? ??? ???? ???????? ???????? ? ?????? ?????? ????????? ?? ????? ?????
?? ???? ?? ??? ???? ???????? ???????? ?? ???????? ??? ?? ??? ????????? ?? ?????
??????? ?? ???? ???? ? ????????? ????????? ?????? ?? ?? ????????? ??? ??? ??????
???????? ??? ?????? ???? ????? ???? ???? ?? ?? ???????? ??? ????? ? 2× 2 ???????
?????? ?? ???? ?? ??????? ??? ????????? ?????????? ??? ??? ??????????? ???
???????? ??? ?? ????? ????? ?? ?????? ???? ? ??????? ????????? ?????? ?? ???? ??
?????????? ??? ???????? ?? ??????????
Orientation assignment ?? ???? ????? ?? ??????????? ?? ???????? ?? ???? ????? ??
????? ?? ??????? ?????????? ???? ??????? ?? ? ??? ????????? ? ?????????????
?? ????? ?????? ??? ???????? ???????? ????????? ?? ??? ?????? ??? ??? ????????
????????? ??? ????????? ??? ?????????? ?? ???? ??????? ?? ??????????? ?????????
???? ?? ???? ???????? ??? ??????? ?? ???????? ?? ?? ???????? ?? ??? ????????
????????? ??? ??? ????????????????? ???????? ?????? ???? σ ????? ?? ??? ?????
??? ????? ?? ????????? ????? ??? ??????? ???? ?? ??? ????????? ?? ????? ??? ???
???? ????? ??? ?? ?? ?? ???? ???????? ?? ??? ??????????? ?? ??? ???????????? ????
????????? ??????? ????????? ???? ???? ???????? ??? ?????? ??? ???????? ???????????
??
Keypoint description ???? ??? ???????? ?????????? ?? ???????? ? 16×16?????? ??????
???????? ?????? ??? ???????? ?? ????????? ?? ?? ??????? ???? ?? ?????????? ?? 4×4
????? ??? ???? ?????????? ????????? ??????????? ????????? ?? ???????? ??? ? ????? ??
??? ???? ?????? ??? ?????????? ?? ?? ???? ??????????? ?? ? ?????? ?? ???? ? ????????
??????????? ?? ????????? ??????? ???????? ??? ????? ?? ????? ?? ??????? ??????????
??????? ???????????? ???????? ????????? ????
Keypointmatching ????????? ??????? ??? ? ???? ??? ??????? ?? ??????????? ?????
??????? ??????????? ?? ???? ?????? ???????? ??? ?????? ????????????? ??? ?? ????
???? ?? ??? ????? ???? ??? ?????? ??? ?? ????? ?? ???? ????? ??????? ?? ???? ?????
??? ????? ??????? ??? ???????????????? ??? ??? ?????????????? ???????? ?? ?????? ??
?? ?? ??????? ???? ???? ???? ??? ????????? ???? ???? ??? ?????? ?????? ??? ?? ?????
??????? ????? ?????????? ???? ?????? ?? ?? ??? ??????? ?????
3.4 Motion and Structure
?? ???? ??????? ? ??????? ??? ????????? ???? ?????? ???????? ????? ???????? ?????
?? ??? ????? ????? ???? ? ?????? ?????? ???? ????? ????????? ??????????? ???
????? ? ??? ?? ????????????? ??????? ?? ???? ?? ??????????? ??? ?????? ??????
??? ??? ????????? ?? ??? ??????
3.4.1 Essential Matrix
??? ?? ?????? ???? ?? ???? ? ?????? ???? ????? ????????? ?????????? ???? ??
?????? ?? ? ?????? ???????? ????????? ?? ??????? ??????????? ??? ?? ???????? ???
? ???? ????? ???? ??? ?????? ?? ??? ???????? ???????? ???????? ??? ?????? ????
????? ?????? ? ????? ??? ?? ?????? ?????? ??????? ??? ??? ??????? ??? P ??? P ′
?? ??? ??? ?? ??? ??????? ????????????? ?? ??? ??? ???????? ???????? ??? ???
p = K−1m? p′ = K ′−1m′ ?? ??? ?????????? ??????????? ?? ??? ???????? ???????
?? ?? ???? ??? ????????? ?????? ?? ??? ???? ?????? ?? ??? ????? ????????? ???????
?? ??? ????? ??? ????????? ????
P = [I|0] and P ′ = [I|0]G = [R|t] ??????
??
???? ???? ?? ??? ?????? ??? ???????? ???? ???? ??????? ??? ???????? ???????
p′⊤[t]×Rp = 0?. ??????
??? ??????
E ! [t]×R, ??????
?? ?????? ????????? ??????? ?? ??????? ?? ????? ?????????? ??? ??? ???????? ???
??? ??? ??? ???????????? ?? ??? ??????? ???? ??? ????????? ?????? ?? ?????? ????
??????? ?? ? ????? ?????? ??? ?? ?? ???????? ????? det[t]× = 0? ?? ????? ?? ??? ?? ???
??????? ?? ???????? ??? ???? ??????????? ???? ?? ?????? ??? ????????? ???????
??? ?????? ???? ????? ??? ??????????? ??? ????? ?? ??? ???????? ?? ??? ????????
???????? ?????? ?? E?
3.4.2 Essential Matrix Factorization
????? ???? ????? ? ???????? ?????? R ??? ??? ?????????? ???????? U ??? V ?
???? det(UV ⊤)URV ⊤ ?? ? ???????? ??????? ????? ?? ??? ???????? ????????????
??????? ???? ? 3 × 3 ???? ?????? E ??? ?? ?????????? ???? ??? ??????? ?? ?
???????? ????????????? ?????? ??? ? ???????? ?????? ?? ??? ???? ?? ? ??? ???
????? ??? ???? ???????? ?????? ??? ??? ???????? ????? ???? ?? ????? ?? ??
?????? ??? E = SR ????? R ?? ? ???????? ?????? ??? S ?? ?????????????? ???
S = [t]× ????? ∥t∥ = 1? ??? U ?? ? ???????? ?????? ???? ???? Ut = [0, 0, 1]⊤ ! a?
?? S = [t]× = [U⊤a]×? ??? ?? ??? ??????
S = [U⊤a]× = U⊤[a]×U.
?????? ? ?????? a ∈ R? ??? ??????
[a]× !
⎡⎣ 0 −a3 a2a3 0 −a1
−a2 a1 0
⎤⎦ ,
??????? ?? ?? ???????? ???????? ???? [a]×b = a× b?
??
??? ?? ???????? ?????? EE⊤?
EE⊤ = SRR⊤S⊤ = SS⊤ = U⊤[a]×UU⊤[a]⊤×U = U
⊤
⎡⎢⎣1 0 00 1 0
0 0 0
⎤⎥⎦U.
??? ???????? ???????? ??? ??? ??????????? ?? EE⊤? ???? ??? ??????? ???????? ??????
?? ?? ???? ???? ?????? ??? ? ??????????
??? ?? ???????? ??? ??? ????? ??? ??????? ??? E = UDV ⊤ ?? ??? ????????
????? ????????????? ????? ?? ?? ???? D = diag(1, 1, 0)? ? ??? ? ???????????
??? ??? ??????????? ?? ?????
D =
⎡⎢⎣1 0 00 1 0
0 0 0
⎤⎥⎦ =
⎡⎢⎣0 −1 01 0 0
0 0 0
⎤⎥⎦
⎡⎢⎣ 0 1 0−1 0 0
0 0 1
⎤⎥⎦ ! S ′R′,
????? S ′ ?? ????????????? ??? R′ ?? ? ???????? ??????? ?????????
E = UDV ⊤ = US ′R′V ⊤ = (US ′U⊤)(UR′V ⊤) =
= det(UV ⊤)(US ′U⊤)det(UV ⊤)(UR′V ⊤).
?? ?? ???? S = det(UV ⊤)US ′U⊤ ??? R = det(UV ⊤)UR′V ⊤? ??? ?????????????
??? E = SR? ?? ????? US ′U⊤ ?? ????????????? ??? ?????? det(UV ⊤)UR′V ⊤ ??
?????????? ???? ???????? ????????????
???? ?? ??? ??? ???? ???????? ?????????????? ?? ?? ???????? ?? ?????? ??? ???? ??
D ?? ???????? ??? ???? ?? S ′ ?? ?? ??????????? R′ ???? ?????????? ?? ???? ????
???????? ?????????????? ????? ???
S = U(±S ′)U⊤ ??????
R = det(UV ⊤)UR′V ⊤ or R = det(UV ⊤)UR′⊤V ⊤ ??????
?????
S ′ !
⎡⎢⎣0 −1 01 0 0
0 0 0
⎤⎥⎦ R′ !




3.4.3 Essential Matrix Computation
????? ? ?????????? ????? ??? ?? ???????? ?????? {(pi,p⊤i )|i = 1, · · · , n} ?????? ??
?????????? ???????????? ?? ???? ?? ????????? ??? ????????? ?????? ? ??????????
??? ?????? ?? ??? ???????? ???????? ????????? ???
p⊤i Epi = 0. ??????
??? ??????? ?????? ??? ?? ????????? ???? ??? vec? ???????? ??? ??? ?????????
????????? ?? ????? ?? ??? ???????
p′⊤i Epi = 0⇐⇒ vec(p′⊤i Epi) = 0⇐⇒ (p⊤i ⊗ p′⊤i )vec(E) = 0. ??????
?????????? ????? ?????? ?? ???????? ?????? ???????? ?? ??????????? ??????
???????? ???? ???? ???????? ???? ?????????? ?? ??? ????????? ?????? ?? ????? n







vec(E) = 0. ??????
??? ???????? ?? ???? ??????????? ?????? ?????? ?? ??? ?????? ?? Un? ???? n = 8
??? ?????? ?????? ??? ?? ?????? ????? ?? ??? ??? ?? ??? ???????? ?? ??????????
???? ??????? ?? ? ??????? ??????? ?????????? ???? ?????? ?? ?????? ????????????
????????? ?????
?? ????????? ???? ???? ????? ?????? ??? ????????? ??? ??? ???????? ?? ??? ??????
??????????????? ????????????? ?? ? ????? m× n ?????? A? ??????? ?? vec(A)? ?? ??? mn× 1
?????? ???????? ?? ???????? ??? ??????? ?? ??
?????????? ???????? ??? A ?? ? m×n ?????? ??? B ? p× q ??????? ??? ????????? ???????
??????? A ??? B ?? ??? mp× nq ?????? ?????? ??
A⊗B =
⎡⎢⎣a11B . . . a1nB??? ???
am1B . . . amnB
⎤⎥⎦ .
??
???? ?????? ??? ?? ????????? ?? ??????? ? ????? ?????? ?????? ???????? ??? ????????
?? ??? ??????? ??????????? ???? ??????????? ?? ??? ??????? ?????????? ?? U⊤n Un




?? ???????? ?? ???????????? ????????
4.1 Unsupervised Learning
?? ????????? ?? ??????? ?????? ?????????? ???????? ?????? ?? ?????? ????????????
???????? ?????????? ?? ? ??????? ?????? ???? ?? ????? ? ????? ?????????? ??? ??
?????? ?? Y = (Y1, . . . , Ym) ??? ???????? ????????? ??? ? ????? ??? ?? ????? ???????
??? ????????? X = (X1, . . . , Xp)? ??? xi = (xi1, . . . , xip) ?? ??? ????? ??? ??? i??
???????? ????? ??? ??? yi ?? ? ???????? ???????????? ??? ??????????? ??? ?????
?? ??? ???????? ??????? (x1, y1), . . . , (xn, yn) ?? ?????????? ?????? ?????? ????? ???
????? ?????? ?? ??? ??? ????????? ??? ??????
???????? ???? (X, Y ) ??? ?????? ????????? ??????????? ?? ???? ????? ?????????
??? ??????? P (X, Y )? ????? ??? ?????????? ???????? ??? ?? ???????? ?????????????
?? ? ??????? ???? ????? ??????? ????? ??? ?? ????????? ???? ??????????? ?????
?????? ?? ??? ??????????? ??????????? P (Y |X)? ??????? ??? ?????????? ?? ????????
??? ??? ?????????? ?????????? µ ???? ???????? ??? ???????? ????? ?? ???? x?
µ(x) = argmin
θ
EY |XL(Y, θ), ?????
????? L(Y, θ) ?? ? ????? ???? ?????????
??
?? ?? ????? ??? ????????? ?? ??????????? ??????????? ?? ???
P (X, Y ) = P (Y |X) · P (X),
????? P (X) ?? ??? ????? ???????? ??????? ?? ??? X ?????? ?????? ?? ??????????
???????? P (X) ?? ????????? ?? ?? ?????? ???????? ??? ?? ?????? ?????????? ?? ???
?????????? ?? ??? ??????????? ??????? P (Y |X)? ????? ??? ????????? ?? Y ?? ???????
????? ?????? ????? ??? ???? ??? ???????? µ(x) ?? ?? ????????? ??? ??????? ?? ???????
?? ???????
?? ???????????? ????????? ?? ????????? ??????? ? ????????? ??? ??? ? ??? ?? N
???????????? (x1, x2, . . . , xn) ?? ? ?????? p??????? X ?????? ????? ??????? P (X)?
??? ???? ?? ?? ???????? ????? ??? ?????????? ?? ???? ??????????? ??????? ???????
??? ???? ?? ? ?????????? ????????? ??????? ??????? ?? ??????????????? ??? ????
???????????? ??? ?? ?????? ?? X ?? ?????? ?? ???? ?????? ???? ?? ??????????
???????? ??? ??? ?????????? ?? ???????? ??? ????? ???? ??????????? ???? ??????
???????? ???? ????? ????? ??????? ??? ???????? ????????? ?? ??? ???? ???? X
?????????? ??? ?? ??? ????????? ????? ?????????????? ??? ?? ??? ???????? ?? ????? ???
??? ?????????? ?? P (X) ??????? ??????????? ?? ??? ???????? ?????? ?? ??????? ???
?? ??????????
?? ?????? ???????? ????????? ????? ??? ? ??????? ?? ???????? ?????????????
??????? ??? ???????? ???? ????? ??? ??????? P (X) ?????? ?? ??? ????????? ??? ????
????????? ?? ???????????? ????? ?? ??? ????? ?? ?? ???????????? ????? ??????? ????
???? ??????? ???? ??????? ???????? ????? ??? ???? ?????? ??? ?????????? ??????
????? ?????? ??????? ???? ?? ???????? ???????? ?? ??????? ?? ??? ???????????
?????????? ???? ???????????? P (x)?
?????????? ????? ??????????? ?????????? ??????? ?? ??????????? X???????? ?? ????
???????? ?? ???? ??????? ????? P (X) ?? ?????????? ?????? ????????? ?????????? ?????
??????? ???????? ???????? ??????????????? ???? ???? ??? ????????? ?????? ????? ???
???????? ??????? ?? ???????? ?????? ???????? ????????? ?????? ??? X?????? ????
????????? ???? ?? ???????? ???? ?????????? ???? ???????? ??????????? ????? ???
???????????? ????? ??? ????????? ??? ??????? ?? ??? ???? ??? ?? ?????????? ??
????????? ?? ? ??????? ??? ?? ???????? ?????????? ??????? ???????? ???????? ?? ???
???????? ?????? ??????? ?? ??? ??????? ???? ??????? ????? ?? P (X)? ???? ???
???? ??????? ?? ??? P (X) ??? ?? ??????????? ?? ? ??????? ?? ?? ???? ?????????
??
???????????? ???????? ????? ?? ??????? ?? ????????????? ??????? ???????? ??? ?
?? ???? ????? ??????????? ????? ??????? ?? ????????? ? ?? ??? ??????????? ?? ???
???? ??????? ??????? ?? ??? ??????? ???? ?? ???? ???? ?? ???????? ?????????????
?????
???? ?????????? ???????? ????? ?? ? ????? ??????? ?? ??????? ?? ???? ?? ??? ????
??? ?? ???????? ?? ???? ??? ??????????? ?? ?????????? ?????????? ??? ?? ???????
??? ???????????? ?? ???????? ??????? ?? ??????? ?????????? ??? ???? ?? ??????? ??
???????? ???????? ?? ??? ???????? ???? ???? ??? ????? ???????????? P (X, Y )? ????
??? ?? ???? ???? ?? ? ??????? ?? ???? ????????? ????????????????? ?? ??? ??????? ??
???????????? ????????? ????? ?? ?? ???? ?????? ??????? ?? ???????? ?? ?? ??????? ??
????????? ??? ???????? ?? ?????????? ????? ???? ??? ?????? ?? ???? ????????????
???????? ?????????? ??? ???? ???? ?? ????????? ??????? ??? ???? ??? ??????????
??? ??????????? ?? ?? ????? ??? ???? ?? ?????????? ????????? ??? ???? ??? ???????
??? ??????? ?? ??? ???????? ???? ????????????? ????????? ??? ??? ?? ??? ?????
????????????? ?? ???????? ????? ??? ???????????? ?????? ?? ??????? ?????????
4.2 Unsupervised Clustering
?????????? ??? ??????? ????????? ???? ?? ???????? ? ?????????? ?? ???? ????? ????
????????? ???? ???? ????? ?????? ? ??????? ??? ???? ????????? ?? ???? ????? ????
???? ??? ?? ????? ?? ??? ????? ????????? ???? ?????? ?? ?????????? ??? ?? ?????????
?? ???? ???????? ????? ????????? ?? ??? ??????? ?? ??? ?????? ?? ??????????????
??????????? ??? ?? ????? ????????? ?? ??? ????????
?????????? ?? ??????? ????????? ???? ?? ??????????? ?? ????????? ??????????
??? ?????????? ?? ???? ????? ?? ????????? ???????? ??? ???? ??????? ??????????
?? ????????????? ???? ?? ???? ?? ???????????? ????????? ?? ???? ??????? ? ????????
???????????? ?????????? ?? ??????????? ?? ???? ? ???? ?????? ?? ???? ?????? ???
?????? ???? ????? ??? ?? ? ????? ?????? ?? ??????????? ?? ??????? ?? ????????
?????????? ?????? ??????????????? ???????????
?? ??????? ??? ????????? ??? ?? ?????????? ?? ???????? ??????? ??????? ????????
????? ??????????? ?????????? ???? ??????? ????? ???? ???????? ??????? ???? ??????
???? ?? ??????? ???????????? ???????? ??????? ?? ???? ??? ?? ????? ?? ????? ????
?? ????? ?? ??? ?????????? ? ?????? ???? ????????? ??? ???? ???????? ?? ???????
???????? ??? ???????? ??? ???? ?????????? ?? ?????????? ????????
??
4.2.1 A Taxonomy of ClusteringMethods
?? ???? ???????? ? ???????? ???? ???????? ???? ??????? ?????????? ??????????? ???????
???????? ?????????? ????????
? ????????? ?? ??????????? ???? ??????? ?? ?? ?????? ? ?????? ?????????
?? ??? ?????????? ?? ?????? ???????? ????????? ? ????????? ?? ???????? ???
??????? ???? ?????????? ??? ????? ??????? ????? ?? ????? ? ????????? ??
??? ???? ??? ?? ???????? ???? ? ????????? ?? ??????? ??? ???? ?? ???????? ??
???? ??????
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Figure 4.1: TheGNG network adapts to a signal distribution that has different dimensionalities in different areas
of the input space. Here are shown the initial network consisting of two randomly placed units and the network
after 600, 1800, 5000, 15000 and 20000 input signals have been applied, [38].
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Figure 4.2:Winner nodemovement, [2].
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4.4 The GrowingWhen Required Network
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4.4.1 GNG vs. GWR
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Figure 5.1: General scheme of the proposed gait analysis system.
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